The southern edge of the boreal forest in central Saskatchewan, Canada, has had its forest composition changed in the first decades of this century, primarily by logging and escaped fires from adjacent agricultural clearance. Three timber berths were established in 1884 within and immediately adjacent to the present southern half of Prince Albert National Park (established in 1927). These timber berths were selectively logged for saw timber between 1900 and 1918 . Between 1907 and 1918, an average of 70 trees per hectare were removed by selective logging. Most of these trees were white spruce (Picea glauca (Moench) Voss). Since logging companies were required to remove all merchantable trees with a basal diameter greater than 25 cm, it is estimated that between 28 and 54% of the canopy trees were removed. Between 1883 and 1942, 81% of the timber berths were burned two or more times by crown fires that spread through the study area from adjacent agricultural clearances 30 km or more away. By 1945, agricultural clearance was largely complete and the clearance-caused fires stopped. The changes in tree composition were determined by transition probabilities between forest surveys taken in 1883 and 1994. Forests subjected to short-interval, clearance-caused fires but no logging were significantly reduced in their abundance of sexually reproducing trees such as white spruce, but increased in trees with either vegetative reproduction (i.e., underground stems, not just basal sprouts) or serotinous cones, such as aspen (Populus tremuloides Michx.) and jack pine (Pinus banksiana Lamb.), respectively. Transition probabilities for forests experiencing both short-interval, clearance-caused fires and logging reveal an even more marked compositional change in this direction.
Introduction
The southern edge of the boreal forest was one of the last agricultural settlement frontiers in North America. In Canada, the Clay Belt of Ontario and Quebec (McDermott 1961) , the forested fringe of Saskatchewan (Fitzgerald 1966) , and the Peace River District of Alberta and British Columbia ( Vanderhill 1982) were settled primarily between 1890 and 1940 (Mackintosh 1934; Vanderhill 1958) . In western Canada, the southern margin of the boreal forest ( Fig. 1 ) was converted into mixed agriculture interspersed with small wooded areas. In the forest immediately to the north of this agricultural fringe, logging and pulpwood cutting began in the early 1900s (Lower 1938) . At first, cutting was selective for primarily white spruce (Picea glauca (Moench) Voss) saw timber, but after 1930 pulpwood became more important.
The focus of this study is the region of unsettled forest north of the agricultural fringe in central Saskatchewan (Fig. 2) . This region was logged in the first decades of this century, but has been part of Prince Albert National Park since 1927. Our purpose is to demonstrate the changes in forest tree composition resulting from the interaction in the first quarter of this century of logging and settlement clearance fires that spread from the adjacent agricultural fringe. We will show that logging and clearance fires have had a significant effect on the abundance of trees such as white spruce, which cannot vegetatively reproduce and do not have serotinous cones.
Study area
The study area covers 38 850 ha and is located in central Saskatchewan, Canada (Fig. 2) . It consists of three historic timber berths (245, 320, and 474 ) that currently lie within or immediately adjacent to the southern half of Prince Albert National Park. These berths were established in 1884, but by 1919 were closed as a result of wildfire and logging that destroyed or removed their merchantable timber. The study area has been part of Prince Albert National Park or Provincial Forest Management Units since 1927.
The region is gently to strongly rolling with elevations ranging from 520 to 760 m above sea level. The timber berths are in the Mixedwood Boreal Forest Region (Rowe 1972) with the dominant trees being white spruce, black spruce (Picea mariana (Mill.) BSP), jack pine (Pinus banksiana Lamb.), trembling aspen (Populus tremuloides Michx.), balsam poplar (Populus balsamifera L.), white birch (Betula papyrifera Marsh.), balsam fir (Abies balsamea (L.) Mill.), and tamarack (Larix laricina (Du Roi) K. Koch). For more details on the vegetation see Swan and Dix (1966) , Swan (1971), and Bridge (1997) .
The winters are long and cold, with the January average temperature -18.9°C, and the summers short and hot, with the July average temperature 16.3°C (Atmospheric Environment Service 1993) . Most of the annual precipitation (455 mm) is received from June through September (256 mm).
Wildfires are the principal natural disturbance influencing the forest. The largest fires, and consequently the majority of the area burned, occur in April and May. These large fires burn at high intensities and result in near-complete canopy mortality. The estimated average lightning-caused fire interval in the wildland parts of the mixedwood boreal forest was 25 to 40 years in the 1800s and 50 to 150 years in the 1900s (Weir 1996) .
Logging and wildfire history
The 1883 Dominion Lands Act required that all merchantable trees with an outside-bark diameter (diameter ob ) greater than 25 cm (10 in.) at their stump be harvested. Consequently, white spruce was the principal merchantable tree harvested, while smaller spruce and all nonmerchantable tree species were left uncut (Saskatchewan Archives Board, Saskatoon).
With the exception of a small amount of logging that occurred on berth 245 during the winters of 1902-1903 and 1903-1904 , all of the timber from berths 245, 320, and 474 was harvested between 1905 and 1918 by the Prince Albert Lumber Company (Saskatchewan Archives Board, Saskatoon). Berth 474 was logged annually from the winter of 1907-1908 to 1917-1918 with the exception of [1914] [1915] . During this period 1 549 000 sawlogs were harvested from berth 474. Annual maps of the past season's harvest, submitted by the timber berth lessee to the crown timber agent, show that the majority of the berth was cut over during this period. Berth 245 was harvested during the winters of 1902-1903 to 1906-1907 and 1916-1917 to 1917-1918 . A total of 780 000 logs were harvested from this berth. Berth 320 was burned by wildfire before harvesting could begin (Saskatchewan Archives Board, Saskatoon).
In the spring of 1919, an escaped settlement fire burned through all berths. Spreading from the west, the fire burned across the southern half of what is now Prince Albert National Park and continued beyond its eastern boundary. In 1920, the Prince Albert Lumber Company asked the Crown to cancel these timber berths. The lands that previously composed timber berths 245, 320, and 474 then became part of the Sturgeon Forest Reserve (Saskatchewan Archives Board, Saskatoon). In 1927, all berths but part of berth 245 were incorporated into Prince Albert National Park (Waiser 1989 ). Very little merchantable timber remained in the old berths, as it was either destroyed by the 1919 fire or removed by previous logging. As a consequence, harvesting operations conducted after 1920 were small scale and usually involved the salvage of fire-killed timber.
Settlement pattern south of the study area
The soils of the southern fringe of the mixedwood boreal forest in Saskatchewan are suitable for mixed grain and cattle agriculture (Fitzgerald 1966) . North of this fringe the soils and climate are less suitable for agriculture. Settlement in this southern fringe (Fig. 3) began in the 1890s. Those areas close to railroads and roads that could be easily cleared or had higher quality soils were occupied first. As settlement progressed, the forested parts of the landscape became more fragmented. During the early stages of settlement, there was an increase in fires associated with forest clearing. These fires recurred within very short intervals and usually spread 30 km or more northward into the forest (Weir 1996) . Once settlement had fragmented the forest of the agricultural fringe, the fire interval increased beyond presettlement values in both the agricultural fringe and the adjacent forested area to the north (i.e., Prince Albert National Park). This increase in fire interval appears to be due to the agricultural fringe acting as a large firebreak (Weir 1996) .
Methods

Sources of historic records
The historic data on timber berth surveys, maps, annual maps of the previous season's harvest, and quarterly reports of volume wood harvested are found in the Saskatchewan Archives Board, Saskatoon, under the Forestry Branch records.
Comparison of historic and current forest types
The 1883 and 1884 survey notes and maps of timber berths 245, 320, and 474 (Saskatchewan Archives Board, Saskatoon) describe the abundance of canopy tree species along the berth perimeters. The current (1994) forest composition of timber berths 320, 474, and those portions of 245 that lie within Prince Albert National Park were identified using the Park's 1 : 50 000 scale forest inventory map (Forest Management Institute 1968) . This map was created by interpreting the forest composition from 1 : 15 000 scale aerial photographs taken in 1968 and ground truthed in 1991-1994. The current (1992) forest composition of the portion of timber berth 245 that lies outside Prince Albert National Park was identified using 1 : 12 500 scale Saskatchewan forest inventory maps (Saskatchewan Environment and Resource Management 1992). These maps were developed from 1 : 12 500 scale aerial photographs that were taken in 1984 and updated in 1992 using 1 : 10 000 scale aerial photographs.
The historic inventory was compared with the present inventory by sampling the timber berth perimeters at intervals of 0.5 km on both maps. Sample points were located on 1 : 50 000 scale UTM maps and assigned a unique identifier. The historic and present forest types were recorded for all 384 sample points.
Similar categories were used to describe the forest composition of both the historic and current forest inventories. However, the 1883 and 1884 survey notes and maps just identify forest compositions that are longer than 402 m (20 chains), while the current inventory map identifies forest composition longer than 101 m (5 chains). To standardize the inventories, forest types identified in the current inventory that occupied less than 402 m of timber berth perimeter were combined with their most similar neighbouring type.
To determine the effect of logging on vegetation change, sample points were divided into two groups: sample points that had been disturbed by wildfires but not logged, and those disturbed by logging and wildfire. There were no sample points that were logged and not burned, nor were there sample points that were neither burned nor logged.
Transition probabilities from historic forest types to current forest types were calculated by counting the number of transitions (n ij ) a historic forest type (i) underwent to become a present forest type (j). The probability of a historic forest type transforming to a present type was calculated by p ij = n ij /Σ j n ij , where (Σp ij = 1). Note that as the number of transitions from a historic forest type increases, so does the transition probability expected by chance. Therefore, to remove the transitions due to chance from p ij , we used r ij = n i /N − Σ j n ij , where n i is the number of historic forest type (i) and N is the total number of historic types. Thus r ij is the random probability of transition from forest type i to j, dependent only on the absolute numbers of the historic forest types. Consequently, the transition not due to chance was calculated by subtracting p ij from r ij (cf. Kemany and Snell 1960) .
Identification of logging and wildfire
The logging history of the study area was determined using quarterly reports and maps specifying when, where, and how much timber was harvested from a berth (Saskatchewan Archives Board, Saskatoon). Cutover areas were delineated on 1 : 50 000 scale UTM maps upon which the timber berth perimeters were drawn. The location of the sample points used to compare the historic and current forest inventories were marked on the timber berth perimeters. Sample points located within or along the boundary of a cutover area were assigned its harvest date.
The wildfire history was identified using fire records, a timesince-(last)-fire map of Prince Albert National Park (Weir 1996) , and the Saskatchewan forest inventory map. Fire records have been kept since the establishment of the Park in 1927 (Prince Albert National Park Archives). Prior to this date, wildfires that burned within the timber berths were recorded and mapped by the Crown Timber Agent (Saskatchewan Archives Board, Saskatoon). These records are incomplete, and many of the maps that accompany these records only approximate the location of the fire's perimeter. Consequently, the area burned by a given fire was determined using these maps in conjunction with the time-since-fire map or the Saskatchewan forest inventory map.
Estimation of the density of trees harvested
Although the number of trees harvested per unit area in the berths was not recorded, the density was reconstructed from available records to give an estimated average and maximum number of trees harvested. This reconstruction is better than an "educated guess," since it exposes the basis for the estimates of the trees harvested. Throughout, a "log" will mean a length cut from a tree. The estimate of the maximum number of trees harvested will assume that all logs taken from the berths were harvested from the smallest sized tree that could legally be cut. This smallest tree had a diameter ob of 25 cm at a stump height of 0.5 m (Saskatchewan Archives Board, Saskatoon). The estimate of the average number of trees harvested will assume that all logs taken from the berths were harvested from the average diameter ob of trees cut. These estimates of the average and maximum number of trees provide a conservative range of the density of trees harvested.
The method for determining the average and maximum density of trees cut is quite involved and is explained in detail in the Appendix. Some knowledge of forest mensuration is required and can be found in books such as Husch et al. (1972) .
Results
Eighty-one percent of the sample points used to compare the 1883 canopy tree species with the current forest compositions were burned two or more times between 1883 and 1942 (Fig. 4) . Forty-one percent had been burned three or more times. Sample points that were burned but not logged had a fire history similar to those that were burned and logged (not shown in the figure) .
Between 1883 and 1994, those sample points that only experienced fires (Fig. 5A ) had a marked shift in composition from the mainly white spruce to the aspen forest types. Since 1883, aspen-dominated types have increased from 29 to 49% (see Table 1 ), while the mainly white spruce cluster of forest types decreased from 41 to 19%. Mixed forest types with white birch as one of the dominants have all but been eliminated, decreasing from 12% in 1883 to less than 1%. The jack pine cluster of forest types has increased from 8% in 1883 to 21%. This increase can be attributed to the conversion of white spruce -white birch to pine-aspen. The jack pine forest types have changed to aspen, particularly from pine-aspen to aspen. However, pine types have also stayed pine. The sample points that experienced fire and logging (Fig. 5B ) underwent an even more marked transition from the mainly white spruce to the aspen forest types. Since 1883, aspen-dominated types have increased from 25 to 75% of the inventory, whereas the mainly white spruce forest types have decreased from 56 to 9% (see Table 1 ). Similar to points that only experienced fire (Fig. 5A ), mixed types with white birch as one of the dominants have been eliminated, decreasing from 18% in 1883 to 0%. Jack pine types are not well represented, since annual cutting operations occurred in stands containing white spruce, and berths were originally located with this in mind.
The estimated number of logs, their average length, diameter ob , and waste of merchantable tree bole are presented in Fig. 6 . These are the parameters required for estimating the average and maximum number of trees harvested per hectare. An estimated average of 70 to a maximum of 211 trees were harvested per hectare from an estimated average of 211 logs per hectare. These values are similar to those obtained from stocking tables developed for spruce, spruce-aspen, and aspenspruce forest types for this region (Saskatchewan Environment and Resource Management 1995) . The actual number of trees harvested per hectare would probably be closer to the lower value, since most of the trees harvested would have been larger than the smallest tree that could legally be cut.
Since logging companies were required to remove all merchantable spruce trees having a DBH ob equal to or larger than 22 cm (this is at breast height, not stump height), an estimated 28 to 54% of the canopy trees were removed based on cover estimates in the present-day stocking table. Spruce smaller than 22 cm DBH ob were left behind. Since younger stands could not supply this volume of timber, it is unlikely that the logged forest was less than 80 years old. 
Discussion
The study area has a land-use history characteristic of many areas of the southern boreal forest. Logging occurred for approximately 13 years and the majority of trees cut were large white spruce. In addition to logging, three to five wildfires occurred between 1880 and 1942, with most occurring between 1915 and 1942 (Weir 1996 . Nearly all of these fires spread from escaped debris fires in the agricultural fringe 30 km or more south of the study area (Fig. 3) . After 1945, these settlement fires stopped when agricultural clearance was completed. From 1919 to the present, the study area has been left as wildland forest with little or no logging and no agriculture or settlement. The widespread reoccurrence of fires that had spread from the settlement fires in the south led to near complete mortality of both canopy and understory trees in both logged and unlogged forests. The change in forest composition between 1883 and 1994 demonstrates that fires at short intervals alone (Fig. 5A ) or in combination with logging ( Fig. 5B ) result in an increase in aspen and a decrease in both white spruce and white birch. The reduction seems one of degree, with fire and logging producing the larger reduction in spruce than fire alone. The evidence further suggests that the exclusive logging of white spruce greater than 22 cm DBH ob could remove approximately one-third of the forest canopy.
The often poor potential to regenerate after logging of white spruce has become a serious concern, since a variety of logging methods (e.g., clearcuts, seed tree cuts, and partial cuts) have been shown to change mixedwood boreal forests into stands composed predominantly of aspen (Lees 1964; Eis 1965; Waldron 1966; Fox 1980; Putman and Zasada 1986; Zasada and Gregory 1969; Dobbs 1972) . The logging of only canopy white spruce, as was practised in these berths, would have left a significant number of aspen in the canopy (Saskatchewan Environment and Resource Management 1995) . Although understory white spruce trees and seedlings respond to increased light by more rapid growth into the canopy (Cayford 1957; Steneker 1963 Steneker , 1967 Lees 1964 Lees , 1966 Jarvis et al. 1966; Zasada and Grigal 1980; Wurtz and Zasada 1988) , suppressed understory individuals close in age to the canopy trees have been shown not to respond to release (Lees 1966; Steneker 1974) . As well, seed availability for regeneration would be low following logging because (1) understory white spruce trees rarely produce viable seed (Rowe 1955) and (2) logging practices do not expose the mineral soils required by white spruce for germination (Wurtz and Zasada 1988) . Consequently, logging likely resulted in the survival of canopy trees other than white spruce. Although there may be some release of understory white spruce saplings and seedlings, there would be little germination and regeneration of white spruce from seed.
Fire would have led to both canopy and understory death, as well as the removal of the litter and duff layer. Under these conditions, aspen would have sprouted extensively and, if there were nearby surviving trees, possibly regenerated by seed. White birch could also have sprouted from its base and regenerated by seeds cast by surviving trees (Fowells 1965) . The regeneration of white spruce would be dependent on the germination of seeds cast by trees that survived the fire or were at the margin of burns. Since fire came in short, successive 15-to 20-year intervals, aspen would still have been able to regenerate extensively by sprouting. The regeneration of white birch would have depended on sprouts from the base of the tree, as it does not produce large quantities of seed until it is between 40 and 70 years old (Fowells 1965) . White spruce, on the other hand, would not have been reproductive, since it does not produce seed until it is between 45 and 60 years old (Rowe 1955; Moss 1955) . Consequently, short-interval fires would seem to produce good seedbeds but fewer seed sources for most tree species. Thus, species that sprout vigorously from widespread underground stems, such as aspen, would be favoured. The reduction in white birch is a puzzle.
When logging practices are coupled with successive fires separated by short intervals, the availability of seed for the regeneration of white spruce and white birch are further limited. Consequently, the vigorous sprouting ability of aspen has allowed this species to dominate areas disturbed in this manner.
Conclusions
We have shown that short fire intervals (less than 20 years) have caused a white-spruce-dominated mixedwood forest to convert to an aspen-dominated mixedwood forest. Furthermore, when one episode of selective logging for mature white spruce is introduced, the magnitude of this change increases. Both increased fire frequency and selective logging are associated with the agricultural settlement of the forested region located south of the study area.
This sequence of events was probably widespread at the fringe of the western boreal forest, where it was being converted to agriculture (see Fig. 1 ). The resulting change in tree composition is still evident more than 50 years later. This change is not due to slowness of successional sequence (Dix and Swan 1971; Bridge 1997) , but to the local extinction of white spruce and white birch. We speculate that at least another 50 years will be required to allow reinvasion of these species from surviving individuals. Although the study area today is managed as a natural area, its forest composition reflects the historic logging within the study area and the historic short-interval fires that spread from adjacent agricultural settlement.
Details of methods for estimating average and maximum density of trees harvested
In estimating the maximum number of trees harvested, the 25-cm stump diameter ob was converted to diameter ob at breast height (DBH ob ) of 22 cm using the relationship given in Alemdag and Honer (1977) . Next, the smallest tree's height was estimated using a site index curve for fully stocked spruce-aspen stands growing on sites of average productivity (20 m at 70 years) in the mixedwood boreal forest (Johnstone 1977) . Using the K2 taper function of Gal and Bella (1994) , the profile, diameter ib at 0.5-m intervals, was calculated for the bole of the smallest tree from its base to its tip. Of course, not all of the tree's bole was used, since some part of the top was too small in diameter. Consequently, the smallest diameter that could be utilized by the lumber company, 7 in. (17.8 cm), was determined using a culler's report that identified the length and diameter ib at the small end of 63 751 logs harvested from these berths (Saskatchewan Archives Board, Saskatoon). The profile of the smallest tree's bole was examined to determine the length between its stump height and where its diameter ib is less than 7 in. This will be called the "merchantable portion" of the tree. The culler's report also identified the length of the logs produced in the berths. Logs were cut into lengths that ranged from 8 to 20 ft (2.4 to 6.1 m) at 2-ft (0.6-m) intervals. Parts of logs less than 8 ft were not counted. Using only the shortest log (8 ft), the number of logs that could be cut from the merchantable portion of the tree was determined. The maximum number of trees harvested from the berths was determined by dividing the number of logs harvested by the number of logs that could be cut from the merchantable portion of the smallest tree.
In estimating the average number of trees harvested, an iterative process was used to identify the number of logs that were harvested from the average diameter ob tree cut. Using the culler's report of log diameters ib and lengths, the DBH ob and height of the average diameter ob tree cut was estimated by the following: the distribution of log diameters ib was used to guess (to start the iteration) how many whole logs could be obtained from the average tree. The number of logs in the culler's report was divided by this guess to determine the number of trees cut to produce these logs. The biggest diameter ib logs were assumed to come from the bottom of the tree's bole. The diameters ib of the logs were ranked from largest to smallest and then, starting with the largest, logs were counted until as many were counted as the number of trees cut. From these, the average diameter ib and average length of the tree's bottom log were estimated. This average diameter ib was not the tree's diameter at stump height but the diameter at the top end of the tree's bottom log, as recorded in the culler's report (Saskatchewan Archives Board, Saskatoon). The culler was using Scribner's scaling rule, which records diameter ib at the log's small end (Husch et al. 1972) .
Next, the DBH ob of the average tree was guessed. Using this guess, the tree's height was determined using the site index curve for fully stocked spruce-aspen stands growing on sites of average productivity (20 m at 70 years) in the mixedwood boreal forest (Johnstone 1977) . Then the profile, diameters ib at 0.5-m intervals, of the tree's bole from its base to its tip was calculated using the K2 taper function of Gal and Bella (1994) . The diameter ib at the tree's stump height plus the average length of the bottom log was then compared with the average diameter ib of the top end of the bottom log. If these two diameters did not match, the process was repeated by choosing another guess of the average tree's DBH ob . When the diameter matched, the profile just determined was used to estimate the length of the merchantable portion of the tree's bole that could be utilized by the lumber company. This is the length of the bole between its stump height and where the tree's diameter ib is less than 7 in. From this merchantable portion of the tree's bole the average length of the tree's bottom log was subtracted.
Next, the average length of the logs in the culler's report not considered to be part of the tree's bottom log was calculated. We then determined how many of these average lengths fit within the remaining merchantable portion of the tree's bole. The actual number of logs obtained from the average diameter ob tree cut was determined by adding the bottom log to this number of average log lengths. If 8 ft (the shortest log) or more of the tree's merchantable bole remained, another log was added. This actual number of logs had to equal that guessed at the start of the iteration. If it did not, the whole procedure was repeated from the very beginning. When the numbers matched, this was the estimate of the number of logs harvested from the average diameter ob tree cut. The average number of trees harvested from the berths was determined by dividing the number of logs harvested by the number of logs that could be obtained from the average diameter ob tree cut.
